Abstract. The aim of the present study was to investigate the optimal mobilization plan in autologous peripheral blood stem cell transplantation for the treatment of diabetic foot and to observe its clinical curative effect. A total of 127 patients with diabetic foot were treated with different doses of granulocyte colony stimulating factor (G-CSF) to mobilize their hematopoietic stem cells. Subsequently, the extracted stem cell suspension was injected into the ischemic lower extremities along the blood vessels in the areas presenting with pathological changes. Following the treatment, the intermittent claudication distance, skin temperature, ankle brachial index and pain scores of the patients were evaluated. In addition, the associations among the mobilization time, doses and peripheral blood CD34 + level were analyzed. The collection efficiency of the stem cells was associated with the dose of G-CSF and the mobilization time. Following the injection of the autologous peripheral blood stem cell suspension, the ischemic area of the patients was improved significantly. In conclusion, autologous peripheral blood stem cell transplantation can promote the establishment of collateral circulation in patients with diabetic foot, and the optimal time for gathering stem cells is closely correlated with the peripheral blood CD34 + level.
Introduction
Currently, the incidence of diabetes is increasing rapidly, leading to more cases of diabetic foot. Diabetic foot is predominantly observed in males and elderly patients >60 years of age (1) . It has been reported that the incidence rate of diabetic foot over the lifetime of a patient with diabetes is 15-25% (2).
Diabetic foot is a chronic and progressive lesion, involving blood vessels, nerves, tendons and bone (3, 4) . Sclerosis, stenosis or occlusion in the arteries of the lower extremities may affect blood supply to the limbs, particularly the acral skin, frequently leading to ulcers and gangrene. Foot infection and gangrene may result in amputation and disability, while certain patients may succumb to the condition. Traditionally, the treatment of diabetic foot consists primarily of medical pharmacotherapy or surgical reconstruction of blood flow; however, for patients with diabetic foot caused by arterial occlusion, medication cannot fundamentally solve the underlying cause of the condition. In addition, the lesions in the lower extremities of such patients are typically segmental and involve the arteries of the leg; due to the absence of the distal artery flow tract, such patients may not be able to undergo an artery bypass or vascular interventional treatment (5) .
Recently, stem cell transplantation technology has been increasingly studied worldwide, and human stem cell studies have become a crucial new field in the life sciences. The emergence of stem cell transplantation is among the most important developments in life sciences at the end of the 20th century (6) . In 1998, Thomson et al (7) isolated human embryonic stem cells from the inner cell mass and observed that these cells possessed self-renewal and multi-directional differentiation potentials in vitro and in vivo. Stem cells have subsequently become a key research tool in the biomedical sciences, and show promise for the treatment of various intractable diseases. It has been demonstrated that hematopoietic stem cells can be induced to differentiate into vascular endothelial cells via exposure to ischemic and anoxic environments (8) , which promotes neovascularization in the ischemic limb and improves blood supply, thereby treating limb ischemia (9, 10) . In autologous stem cell transplantation for the treatment of lower-limb ischemic diseases, the majority of studies have used granulocyte colony stimulating factor (G-CSF) at doses of 5 and 10 µg/kg/day for the stem cell mobilization, and the stem cells have been harvested after 5 days; however, whether this is the optimal mobilization and harvesting time has not yet been verified (11, 12) . The aim of the present study was to observe the mobilization effect of autologous hematopoietic stem cells by applying different doses of G-CSF at different times, in order to determine the optimal dose of G-CSF and the optimal time for stem cell mobilization. Furthermore, the clinical curative effect of autologous peripheral blood stem cell transplantation in the treatment of diabetic foot gangrene was investigated.
Materials and methods
Clinical data. A total of 127 patients with diabetic foot necrosis, including 58 males and 69 females (mean age, 69 years; age range, 49-84 years) were enrolled in this study. This study was conducted in accordance with the Declaration of Helsinki and with approval from the Ethics Committee of Weifang People's Hospital (Weifang, China). Written informed consent was obtained from all participants. All patients presented with degree 3 to 4 diabetic foot, and 98 patients exhibited pain at rest and/or intermittent claudication (13) . All patients presented with different degrees of acral gangrene and ischemic ulcers and/or pain at rest. The patients were eager to be relieved of the intermittent claudication. A preoperative digital subtraction angiography (DSA) examination confirmed the presence of occlusive lesions in the main vessels of the patients. All cases met the World Health Organization diagnostic criteria for diabetic foot (14) . Cases complicated with seriously impaired function of the heart, lungs, brain, kidney and other organs or patients who could not tolerate the surgery were excluded.
Hematopoietic stem cell mobilization. A total of 127 patients were divided into 2 groups at random. Group A (n=63) received subcutaneous injections of 5 µg/kg/day recombinant human G-CSF (Filgrastim; Sandoz Pharmaceuticals GmbH, Holzkirchen, Germany), twice per day. In group A, 16 patients were treated for 4 days, 17 patients for 5 days, 16 cases for 6 days and 14 cases for 7 days. Group B (n=64) received subcutaneous injections of 10 µg/kg/day Filgrastim, twice per day. In group B, 16 patients received treatment for 4 days, 17 patients for 5 days, 16 patients for 6 days and 15 patients for 7 days. The peripheral blood mononuclear cells (PBMNCs) and CD34 + cells were counted each day. When the PBMNC count and CD34 + cell number reached a peak, peripheral blood stem cells were collected. During the G-CSF mobilization, low-molecular-weight heparin (5,000 IU; Sanofi-Aventis S.A., Paris, France) was administered by subcutaneous injection every day, in order to prevent a cerebrovascular accident induced by the increased leukocyte count.
Collection of hematopoietic stem cells. Venous blood was collected from the median cubital vein of one of the upper extremities and directly entered into a blood cell separator (Fresenius SE & Co. KGaA, Bad Homburg, Germany) through a closed system. Subsequently, ~50 ml stem cell suspension was filtered out, and the remaining blood was transfused back to the patient via the median cubital vein of the other upper extremity simultaneously. If necessary in certain patients, the great saphenous vein or subclavian vein was used for puncture and catheterization.
Determination of white blood cells (WBCs), PBMNCs and CD34
+ cells. WBCs and PBMNCs were counted using an automatic blood analyzer (Beckman Coulter, Brea, CA, USA), and the peripheral blood CD34 + cells prior to and following G-CSF mobilization were detected using a flow cytometer, CD34
+ monoclonal antibodies and a hemolytic agent (BD Biosciences, Franklin Lakes, NJ, USA), according to the manufacturer's instructions.
Autologous peripheral blood stem cell transplantation. Air disinfection of the operating theater was performed for 30 min prior to transplantation. Simultaneously, patients received an intramuscular injection of 100 mg pethidine hydrochloride (Shenyang First Pharmaceutical Factory, Shenyang, China) for analgesia. Following disinfection of the limb skin, stem cell suspension fluid was injected into the ischemic lower extremities at multiple points around the embolized blood vessels, using a 23 G syringe. The puncture positions were pre-marked between the foot and 3 cm above the knee, with intervals of 3 cm. Subsequently, 2 ml stem cell suspension fluid was injected into each marker point. For the ulcerated or necrotic areas, the stem cell suspension fluid was injected around or at the bottom of the lesion tissues by point injection. Following the transplantation, the affected extremity received a protective pressure dressing.
Intermittent claudication distance (L) scoring.
The distance that the patient could walk prior to experiencing claudication was scored as follows: 0 points, L ≥0.5 km with no pain; 1 point, 0.499≥ L ≥0.4 km with pain; 2 points, 0.399≥ L ≥0.3 km with pain; 3 points, 0.299≥ L ≥0.1 km with pain; and 4 points, pain at rest and unable to walk, or walking distance <0.1 km.
Skin temperature measurement. Skin temperature was measured at the skin outside the third metatarsophalangeal joint at the dorsum of foot using an SDW point digital thermometer (Tianjin Traffic Electronic Instrument Experimental Factory, Tianjin, China). Temperatures were measured and recorded at the same time each day in all patients.
Ankle brachial index (ABI) measurement. ABI was detected using a Doppler flow detector and ABI check equipment (Beijing Gelin Dimei Technology Co., Ltd., Beijing, China).
Pain scoring. Patient pain was scored as follows: 0 points, no pain; 1 point, mild and tolerable pain with no analgesic drugs required; 2 points, moderate pain requiring oral analgesic drugs; and 3 points, severe pain that was not relieved by general analgesic drugs and required an analgesic injection.
DSA imaging of the lower extremities. DSA of the lower extremities was performed using a Siemens Duplex computer imaging system (Siemens Healthcare, Erlangen, Germany) and the resulting images were scored as followed: 0 points, no new collateral vessels; 1 point, little new collateral circulation; 2 points, moderate new collateral circulation; 3 points, abundant new collateral circulation.
Statistical analysis. Data are presented as the mean ± standard deviation and were analyzed using SPSS statistical software, version 19.1 (IBM SPSS, Armonk, NY, USA). Comparisons between the data prior to and following the treatment were performed using the paired t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Collection efficiency of stem cells is closely correlated with the dosage and mobilization time of G-CSF.
With the prolongation of the hematopoietic stem cell mobilization time, the WBC and PBMNC counts and the number of CD34 + cells increased; however, the WBC count normalized by day 3 after the mobilization was ceased. The WBC counts of groups A and B reached 3.0x10
10 /l at days 4 and 3 of mobilization, respectively. Furthermore, the PBMNC count and CD34 + cell number of groups A and B peaked at days 5 and 4, respectively. On the fourth day of mobilization, the PBMNC count of group B was (5.59±1.63)x10 9 /l and the CD34 + cell number was (3.57±1.56)x10 7 /l; on the fifth day of mobilization, the PBMNC count of group A was (5.72±1.56)x10 9 /l and the CD34 + cell number was (4.26±1.21)x10 7 /l. All patients in groups A and B met the requirements for the stem cell collection. Therefore, In group A, 16 cases underwent stem cell collection on day 4, 17 cases on day 5, 16 cases on day 6 and 14 cases on day 7. In group B, 16 cases underwent stem cell collection on day 4, 17 cases on day 5, 16 cases on day 6 and 15 cases on day 7. The CD34 + cell number increased with the increase in PBMNCs, and a positive correlation was detected between these parameters (r=0.626, P<0.05).
Blood circulation in the ischemic area. At the early stage after injection with stem cell suspension, the local skin temperature of the patients increased significantly and blood oozing from the wound surface increased. Granulation occurred at a significantly more rapid rate, and patients experienced a local burning pain. After 4 weeks, patients were followed-up for a DSA re-examination. DSA indicated that the collateral circulation in the affected lower extremity was established. The volume of blood flow to the acral skin increased markedly compared with that prior to transplantation. Local pain was alleviated and the patients felt improvements in their condition. The numbness disappeared and the intermittent claudication symptom was improved. In addition, patients were able to walk for increased distances (Table I) .
Report of a typical case. Patient A was a 75 year-old male with a 32-year history of diabetes, who was admitted to the Weifang People's Hospital due to a left diabetic foot gangrene concurrent infection (Fig. 1A) . Preoperative lower-extremity DSA showed that the blood vessels below the popliteal artery branch were occluded extensively with no distal outflow; however, small amounts of local collateral circulation remained (Fig. 2A) . The patient additionally exhibited coronary heart disease, hypertension, cerebrovascular disease, transient ischemic attack and cerebral infarction. Patient A was thus unable to undergo amputation. Following extensive debridement, the patient received the autologous peripheral blood stem cell transplantation. After 3 weeks, fresh granulation growth was observed when the patient returned to the hospital for further debridement (Fig. 1B) . The patient subsequently underwent an in situ dermatoplasty. At 2 weeks after this skin graft, the wounds appeared to be healing well (Fig. 1C) . Postoperative CTA examination showed that extensive collateral circulation was widely established along the lesion vessels (Fig. 2B) . At a 3-year follow-up examination, the local wound of the patient was observed to have healed well and the walking function of the lower extremities was predominantly maintained.
Discussion
When the body is in an ischemic state, new blood vessels are generated as a compensatory mechanism. This neoangiogenesis includes two key processes: Angiogenesis and vascularization. Vascularization refers to the generation of new blood vessels through the differentiation and interaction of endothelial progenitor cells (EPCs) and hematopoietic stem cells, in environments with no original vascular system. It is conventionally believed that the further differentiation of EPCs into vascular endothelial cells to form a new vascular system does not occur in vivo following birth. In 1997, however, Asahara et al (15) observed that EPCs are present in the blood circulation, exhibiting chemotaxis and homing abilities to the ischemic tissues and differentiating to form new blood vessels. These results verified the existence of 'postnatal vascularization'. Ischemic animal model studies indicate that endothelial progenitor cells are able to enter a vascularizing area and increase the generation of collateral vessels in ischemic tissues (16) (17) (18) .
In 1997, Asahara et al (15) were the first to identify that peripheral blood CD34 + and vascular endothelial growth factor receptor 2 + (VEGFR-2 + bone marrow-derived cells possess the ability to differentiate into EPCs (19) . During the differentiation of such cells, the expression of CD133 is gradually downregulated and the expression levels of CD31, von Willebrand factor and cadherin in vascular endothelial cells increase gradually, facilitating the formation of mature endothelial cells (20) . It is currently believed that vascularization and angiogenesis coexist in the embryonic development period, in addition to participating in numerous physiological and pathological processes following birth (21) . These processes are involved in the dynamic maintenance and physiological reconstruction of blood vessels and are dependent on the postnatal angiogenic activity of EPC. The concept of 'therapeutic angiogenesis' refers to the application of exogenous vasoformative factors and/or the transfusion of vasoformative cells into ischemic tissues to promote angiogenesis and the formation of collateral vessels, in order to improve blood supply and treat ischemic diseases (22) . This therapeutic approach is a physiological strengthening treatment, which utilizes the presence of EPCs in the adult blood circulation and the fact that these EPCs exhibit the biological characteristics of chemotaxis and homing abilities to ischemic tissues, as well as their differentiation to form new blood vessels.
Stem cell transplantation may involve a variety of cell types, including autologous peripheral blood, bone marrow mesenchymal (23) , autologous bone marrow (24) and umbilical cord blood (25, 26) stem cells. The collection of bone marrow requires epidural anesthesia or general anesthesia and is more stressful for the general condition of a patient. In addition, large quantities of bone marrow (≤500 ml) may be required, and therefore certain patients are physically and psychologically unable to undergo this treatment. In recent years, studies concerning autologous peripheral blood stem cell transplantation have achieved marked progress (27) (28) (29) . The autologous peripheral blood stem cell transplantation procedure is simple and readily accepted by patients. In order to increase the content of stem cells and improve the curative effect of stem cell transplantation, recombinant human G-CSF can be used to stimulate the proliferation of bone marrow stem cells and promote their release into the peripheral blood. Recently, the wide application of cytokines and blood cell separation techniques has facilitated the mobilization of bone marrow hematopoietic stem cells into the peripheral blood circulation, as well as their purification. Due to the mobilization of bone marrow, blood cell separation and centrifugal concentration, the concentration and number of stem cells available for use in treatment have been markedly increased. In the present study, following peripheral blood stem cell transplantation, symptoms including pain, cold sensations in the affected limb, intermittent claudication and ulcers were notably improved. At 1 month after transplantation, the peripheral blood flow amplitude and blood perfusion volume, detected by laser Doppler scanning, were improved significantly compared with the results prior to the transplantation. DSA imaging of the lower artery showed that new collateral vessel formation had increased significantly. Based on the comprehensive assessment of the indicators of the patients prior to and following stem cell transplantation, the present study indicates that autologous peripheral blood stem cell transplantation is able to effectively increase the blood flow in the lower limbs, which may permit certain patients to avoid amputation or reduce the height along the limb at which amputation is conducted. Stem cells are predominantly located in the bone marrow. Stem cells in the peripheral blood are equivalent to 0.1-1% of the stems cells in the bone marrow, and CD34 + cells account for 0.01-0.1% of PBMNCs. In order to increase the content of stem cells, G-CSF is used to stimulate the proliferation of stem cells in the bone marrow and subsequently promote their release into the peripheral blood. This is the primary method used in stem cell transplantation treatments to mobilize stem cells, and may be used in peripheral blood stem cell transplantations for the treatment of ischemic disease of the lower extremities. Furthermore, it represents a mature method of mobilization. Generally, 4-5 days after the administration of G-CSF, the number of CD34 + cells in the peripheral blood can reach 40-to 80-fold of that prior to mobilization; however, if the administration of G-CSF is discontinued for 1 week, the number of CD34 + cells in the peripheral blood is gradually restored to the baseline level. In addition, G-CSF can mobilize bone marrow-derived EPCs into the peripheral blood circulation and promote the angiogenesis in the ischemic area.
In summary, the results of the present study demonstrate that treating ischemia of the lower extremities with recombinant human G-CSF-mobilized peripheral blood stem cell transplantation is able to effectively increase the blood supply of the lower extremities in patients with diabetic foot. In the short term following stem cell transplantation, pain in the affected limb was relieved and the cold sensations in the limbs were gradually mitigated. Clinical symptoms were evidently improved and the ulcers healed gradually. The quality of life of the patients improved notably. Thus, we suggest that the improvement of blood supply in the short term may result from the locally increased quantities of blood caused by the aseptic inflammation following transplantation, while the continuous improvement in the local blood supply of the patients may be associated with EPC-related angiogenesis. Two dosages of G-CSF (5 and 10 µg/kg/day) were used to mobilize the stem cells for 4-7 days in this study. The adverse reactions that occurred in the process of mobilization and the collection stage, including mild pain, were within tolerable limits for the patients. Furthermore, no adverse reaction was observed during the clinical follow-up. The application of 5 and 10 µg/kg/day G-CSF for 4 or 5 days may be a clinically useful approach, therefore, for the mobilization and gathering of stem cells.
